Varian KD, Xu Y, Torres CA, Monasky MM, Janssen PM. A random cycle length approach for assessment of myocardial contraction in isolated rabbit myocardium. Am J Physiol Heart Circ Physiol 297: H1940 -H1948, 2009. First published September 11, 2009 doi:10.1152/ajpheart.01289.2008.-It is well known that the strength of cardiac contraction is dependent on the cycle length, evidenced by the force-frequency relationship (FFR) and the existence of postrest potentiation (PRP). Because the contractile strength of the steady-state FFR and force-interval relationship involve instant intrinsic responses to cycle length as well as slower acting components such as posttranslational modification-based mechanisms, it remains unclear how cycle length intrinsically affects cardiac contraction and relaxation. To dissect the impact of cycle length changes from slower acting signaling components associated with persisting changes in cycle length, we developed a novel technique/protocol to study cycle length-dependent effects on cardiac function; twitch contractions of right ventricular rabbit trabeculae at different cycle lengths were randomized around a steady-state frequency. Patterns of cycle lengths that resulted in changes in force and/or relaxation times can now be identified and analyzed. Using this novel protocol, taking under 10 min to complete, we found that the duration of the cycle length before a twitch contraction ("primary" cycle length) positively correlated with force. In sharp contrast, the cycle length one ("secondary") or two ("tertiary") beats before the analyzed twitch correlated negatively with force. Using this protocol, we can quantify the intrinsic effect of cycle length on contractile strength while avoiding rundown and lengthiness that are often complications of FFR and PRP assessments. The data show that the history of up to three cycle lengths before a contraction influences myocardial contractility and that primary cycle length affects cardiac twitch dynamics in the opposite direction from secondary/tertiary cycle lengths. force-frequency relationship; postrest potentiation MODULATION OF CONTRACTILE FORCE can occur through either processes that are immediate (intrinsic) and/or processes that involve prolonged exposure to a given stress or situation and act via posttranslational modification. To elucidate processes that modify contractile performance, we need to be able to distinguish the effects of these contributors in a qualitative and quantitative manner. The strength of myocardial contraction is governed by the combined effect of intracellular calcium transient and properties of the myofilaments. The force-frequency relationship (FFR) is a major regulator of contraction and relaxation based on changes in the cycle length: an increase in heart rate (i.e., a decrease in cycle length) is converted into greater contractile force and faster relaxation (5). The underlying molecular mechanism involves both intrinsic properties of the calcium handling system and posttranslational modifications to key calcium handling and myofilament proteins (3, 29) . In patients with heart failure, a blunted or negative FFR is one of the common hallmarks of cardiac dysfunction (20, 23), and thus understanding the physiological basis of how the cycle length-based contractility is regulated in normal myocardium would be a logical prerequisite to unravel how this relationship is impacted in heart failure.
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The calcium transient amplitude plays an important role in the increase in contractile strength that is observed when frequency is changed. Consecutive cycle lengths that are shorter result in an increase in time-averaged intracellular calcium concentration, which results in an increase in sarcoplasmic reticulum (SR) load. The increase in SR load results in a greater amount of calcium released upon stimulation. The SR's intrinsic response to a change in the ionic balance after a change in frequency probably accounts for much of the modulation of contractility observed: when the calcium concentration in the cytosol is high, the SR ATPase works at a faster rate; i.e., its activity is driven by the cytosolic calcium concentration. Consistent elevation of time-averaged calcium also is thought to activate signaling mechanisms that result in posttranslational modifications to key calcium handling and myofilament proteins that can have additional positive inotropic effects. One example is the activation of CaMKII by average increases in intracellular calcium; although its involvement in regulating the FFR remains controversial and has not been found by all investigators, several studies have shown that CaMKII is activated with an increase in frequency and can alter calcium handling proteins (21) and myofilament proteins (27) . It has been shown that there may be several targets for CaMKII that get phosphorylated with a change in frequency (9), whereas additional calcium-dependent kinases, such as myosin light chain kinase or protein kinase G, also may be activated. Because intrinsic responses to cycle length may show directionally similar effects on contractile force to those due to the impact of signaling cascades, it is impossible to differentiate the magnitude of each effect by studying changes that occur after a switch in steady-state frequency.
The aim of this study was to develop a protocol that potentially could isolate the effect of cycle length of the previous beat(s) on cardiac contraction and relaxation from the signaling-induced alterations of contractility. By using a stimulation protocol in which cycle length changes are randomized around a central baseline frequency, we are not evoking persistent changes in the cycle length that could lead to the sufficient impact of "slow" effects on contractile force by signaling-induced processes to have a functional significance. Hence, we can functionally isolate the effects of cycle length itself on cardiac contractile strength. Using this protocol, we observed that the length of the cycle preceding a stimulated beat positively correlates with myocardial contractile strength, whereas both cycle lengths preceding that one negatively correlate with contractile force. We conclude that the effect of cycle length involves a balance of negative and positive inotropic intrinsic myocardial properties that are exerted on future beats.
METHODS
Tissue isolation. All experiments were conducted under a protocol approved by the Institutional Animal Care and Use Committee of The Ohio State University. Male, New Zealand White rabbits (2-3 kg, n ϭ 21) were given 5,000 U/kg heparin and anesthetized with 50 mg/kg pentobarbital sodium, both intravenously. Sufficient analgesia was determined by the complete absence of pain reflexes. The chest was opened via bilateral thoracotomy, and the heart was rapidly excised and retrogradely flushed in a modified Langendorff apparatus with a cardioplegic Krebs-Henseleit (KH) solution containing 20 mM 2,3-butanedione monoxime (BDM). BDM was added to prevent cutting injury and has been shown to be reversible (19) . The right ventricle was opened, and thin, uniform trabeculae were carefully dissected and mounted in a small custom-made muscle bath as described previously (14, 31) . The cardioplegic KH solution was replaced with a normal KH solution, and the muscle was stimulated at 1 Hz, at 37°C, for 20 min or until contractile parameters had stabilized. This temperature is physiological for most large mammals, although the rabbit generally has a slightly higher body temperature. However, for several technical reasons, we performed the experiments at 37°C, which is near physiological for the rabbit.
Assessment of force-interval relationship. In the first set of experiments, we investigated the standard protocol used to assess postrest potentiation. After the muscle had equilibrated in the setup, stimulation was halted for 1, 2, 4, 8, 15, 30, 60, or 120 s. After each rest period, the muscle was allowed to stabilize. The amplitude of the first twitch after the rest period was analyzed for force-interval relationship behavior.
In the second set of experiments, the rest durations were changed so that they encompassed the in vivo rate of the rabbit, and the baseline frequency was set within the in vivo range. In addition to additional periods of rest, the second protocol included shorter-thansteady-state intervals. From a baseline beat-to-beat interval of 350 ms, the effect of a single beat with a beat-to-beat interval of 250, 300, 400, 450, 500, 700, 1,000, 2,000, 3,000, 4,000, 10,000, and 20,000 ms was tested.
Variable cycle length simulation protocol. To ensure that the effects of cycle length could be distinguished from signaling-induced events and thus isolated to the greatest extent possible, we used a stimulation protocol that allowed cycle length to change around a baseline such that the variations in cycle length did not exert changes in the average duration over a multisecond time window. In addition, care was taken to choose physiological conditions of baseline stimulation rate (2.85 Hz, cycle length of 350 ms) and temperature (37°C) such that the resulting findings would be physiologically relevant. First, the average frequency over time would have to be constant to avoid any time-averaged calcium changes. Second, the cycle lengths chosen to study would need to be in the physiological range and temperature of the species we studied (rabbit). Finally, the cycle lengths would need to be chosen randomly to ensure no repeatable pattern would exert an effect on twitch dynamics.
Next, the muscle was subjected to an 8-min variable cycle length protocol. To encompass most of the rabbit's physiological range of heart rates, cycle lengths chosen were 250, 300, 350, 400, and 450 ms (corresponding to 2.2-4 Hz, covering the majority of the in vivo range for the rabbit). The muscle was stimulated to contract with one of the five chosen cycle lengths randomly selected as the time between beats for a total of 1,200 contractions. Thus, when viewed over a small time window (a few seconds, not long enough to exert the slow contractile response that generally takes 10 or more seconds to develop), the muscles were stimulated at an average frequency of ϳ2.85 Hz (350-ms cycle length) with a random pattern, eliminating any longterm effect of changes in frequency. Analyzing 1,200 contractions allowed for the analysis of up to 3 cycle lengths preceding a contraction, since for each condition there were about 10 examples that could be averaged per muscle to reduce variability.
Data analysis. Data were analyzed using custom-written software (LabVIEW). The algorithm was designed to recognize patterns of three consecutive cycle lengths. This was done for all 125 combinations of 3 cycle lengths. We named these cycle lengths primary, secondary, and tertiary, with primary being the immediate previous twitch cycle (Fig. 3) , secondary the one before the primary, and tertiary the one before the secondary. If a data set was sufficiently long, the impact of "quaternary" was investigated as well. With the data categorized, we determined the effect of each cycle length on twitch dynamics. Correlation coefficients (R 2 ) and slopes were calculated for developed force vs. primary cycle length (with constant secondary), developed force vs. secondary cycle length (with constant primary), and developed force vs. tertiary cycle length (with constant primary and secondary). The same was done for relaxation time to 90% of peak (RT 90). Along with the correlation coefficients, twitch parameters of twitches with the same cycle length signature were averaged to quantify the total effect of each cycle length. The average forces allowed for quantification of cycle length impact on force and relaxation. All data are means Ϯ SE, unless stated otherwise.
RESULTS
First, we assessed the effect of the force-interval relationship in rabbit myocardium using a protocol used previously by others (22) . In Fig. 1 , the postrest potentiation/decay of rabbit trabeculae (n ϭ 7) is shown. From a baseline frequency of 1 Hz, at body temperature, very little postrest potentiation was observed. Only at the shortest interval, 1 s, was a nonsignificantly small amount of potentiated force developed (P ϭ 0.32), whereas at rest periods of 60 s and longer, a significant postrest decay was observed (P Ͻ 0.05).
To further investigate the effect of cycle length, we proceeded to study the impact of a single rest interval from steady state in a more physiological setting for the rabbit. First, we elevated the base frequency to 2.85 Hz, which falls in the physiological heart rate range for the rabbit. Second, we employed much shorter rest intervals that can actually occur in vivo; the often used rest intervals of 1 s or more have little physiological relevance in the rabbit or smaller rodent, since their typical in vivo resting heart rate generally does not allow for resting intervals longer than 400 ms in the rabbit or longer than ϳ100 ms in mice. In addition to the shorter rest intervals, we also included two intervals that were shorter than the baseline frequency and thus technically were not postrest durations but could be considered "premature beats." In Fig. 2A , the actively developed force is depicted as a fraction from baseline, charted as a function of rest intervals between 250 ms and 20 s. In this subsecond domain, rather than the seconds domain usually investigated, there is a significant positive force-interval relationship; between 250 and 700 ms of cycle length interval, the longer the interval is, the more force is developed. Again, at rest intervals of 1 s or longer, no significant gain or loss of force was observed. This experiment indicates that the majority of single-beat cycle length modulation of contractile force generation takes place in the actual heart rate range domain of the rabbit. In Fig. 2B , we show that right after the postinterval twitch, contractile force rapidly decayed back to steady-state levels. The twitch right after the postinterval twitch was stronger than steady state for a rest interval shorter than steady state, whereas for all rest intervals exceeding steady state, the second twitch was significantly weaker. The second twitches after the postinterval twitch were still stronger if the resting interval was shorter than steady state, but for any interval that was longer than steady state, the third twitch after the rest period was not significantly different from steady state. The third twitch after the postinterval twitch was not different from steady state at any condition.
By randomizing the shortest five beat-to-beat intervals using the previous protocol, we set out to determine the dynamic influence of beat duration on contractile force. Figure 3 shows a representative chart section depicting nine consecutive contractions of one experiment where beat-to-beat duration was randomly forced on the muscle. The stimulation pattern was randomly determined, with each cycle length selected from one of the five options (250, 300, 350, 400, or 450 ms). It can be seen in Fig. 3 Fig. 4 . Developed force from a representative experiment is shown in Fig. 4 , A-C. We found a steep positive relationship between primary cycle length and developed force when comparing twitches with the same secondary cycle length (example in Fig. 4A is with a 350-ms secondary cycle length). The opposite relationship was observed between the secondary cycle length and developed force at a constant primary cycle length (350 ms in example). The tertiary cycle length (with constant primary and secondary cycle length both at 350 ms) also showed a negative correlation with force much like the secondary cycle length but with a shallower slope. Figure 4 , D and E, shows the average correlation coefficients and slopes, respectively, for each cycle length. The R 2 values for primary and secondary cycle length were significantly higher than that of tertiary cycle length.
Relationships between cycle length and relaxation time (RT 90 ) displayed weaker correlations compared with developed force. Figure 5 , A and B, shows representative relationships of primary cycle length (with constant secondary) and secondary cycle length (with constant primary) to RT 90 . A weakly positive correlation was observed with RT 90 and primary cycle length, i.e., a slower relaxation with increased Fig. 2 . A: using an expanded spectrum of cycle length (CL), including shorter than steady state, potentiation of the postinterval twitch is observed at a baseline CL of 350 ms for CLs shorter than 700 ms. At longer CLs, 1-20 s, no significant potentiation or decay was observed. Fdev at the baseline CL of 350 ms was 40.9 Ϯ 2.0 mN/mm 2 . B: the second twitch after the rest interval (secondary) was significantly stronger when the interval was shorter than steady state and was significantly weaker with longer intervals. The third twitch (tertiary) was slightly but significantly stronger for the 2 shortest intervals but was not significantly different from steady state at any interval longer than steady state. Data are means Ϯ SE (n ϭ 7). *P Ͻ 0.05 compared with the steady-state CL of 350 ms before the tested CL. primary cycle length, whereas secondary cycle length showed virtually no correlation with RT 90 . Likewise, tertiary cycle length displayed no relationship with RT 90 (data not shown).
In an additional control experiment, we verified that the average force of contraction remained unchanged during this protocol. We compared the average twitch developed force during randomized pacing with the steady-state force at the average cycle length of 350 ms. No changes in average contractile force were observed; during the randomized pacing, the force was 98 Ϯ 1% of the initial force (n ϭ 4 preparations), and after randomized pacing, it was 96 Ϯ 3%. The small changes in force over time are attributed to the nonavoidable rundown of multicellular preparations in vitro over time. From this experiment we conclude that even if changes in the slow processes (i.e., posttranslational modification) already occur, they are not strong enough to impact contractile strength or speed of relaxation, indicating our protocol can functionally "isolate" intrinsic from slow processes. Figure 6 shows averaged developed force differences (from 250-ms cycle length) for twitches that displayed the same cycle length signature. For example, the first part of Fig. 6 shows the difference in developed force between each primary cycle length (with constant secondary cycle length at 350 ms) and developed force of the shortest primary cycle length (250 ms). Force is greater for the longest primary compared with the shortest primary cycle length by an average of ϳ6 mN/mm 2 . Data for secondary (middle) and tertiary cycle length (right) for developed force also are shown in Fig. 6 . In two additional experiments, we used a longer run (n ϭ 2) and analyzed the existing data as well as the effect of the quaternary beat in data sets sufficiently long to get at least three records for each of 625 possible interval combinations. In none of these five experiments did we find any correlation of either force development or speed of relaxation and the quaternary cycle length, indicating the cycle length history is limited to three beats under the conditions present. Figure 7 shows the percent contribution each cycle length had on developed force on all records where up to the quaternary beats were analyzed (n ϭ 5). This was calculated by determining the percentile difference between the short and long cycle length developed force for all four cycle lengths. The total absolute change from the short to the long cycle lengths were added together so that each individual change could be displayed as a percentage of the total. Primary cycle length exerted the most effect, with secondary and tertiary cycle length following, whereas the quaternary cycle length was Ͻ1% and not significant. This is in agreement with our data from the force-interval experiments, which only showed an influence of the rest interval on the first three twitches after a period of rest.
The interaction between the primary and secondary cycle length effects are shown in the three-dimensional plot of Fig. 8 , where we show the developed force average from all seven experiments plotted against primary and secondary cycle length, with the points connected to create a plane. From this plot, we can see how each primary-secondary combination affected developed force. The tilt of the plane rightward reflects the percent contribution of the two cycle lengths shown in the pie chart in Fig. 7 . It also shows that the cycle length combination that produces the most force is the short secondary cycle length followed by a long primary cycle length. Likewise, the lowest force comes from the longest secondary cycle length followed by the shortest primary cycle length.
DISCUSSION
The randomized beat protocol we have first described can assess the impact of cycle length and cycle length history for a wide range of conditions in only 10 min. Previous protocols that worked from steady-state conditions and imposed shorter and longer beats from this steady-state condition require a return to steady state before the next intervention (1, 4, 24) . As such, previously employed protocols would require much longer, up to 10 times the experimental time used in this study, to obtain a full data set. The life span of in vitro preparations using conventional muscle physiology is only a couple of hours due to rundown that unavoidably occurs, especially at body temperature, when not specifically cultured in a specialized setting (12, 13) . This novel protocol can be used in the future in conjunction with fluorescence measurements in muscles, which at body temperature in rabbits is typically limited to 1 h or less due to loss of the indicator (29) . Likewise, the short duration of the randomized beat protocol will allow for a comparison before and after an intervention in baseline parameters (i.e., length, baseline frequency, or presence of a drug or compound) within a time frame that rundown is minimal, and all data are collected at physiologically relevant temperature and frequency to maximize extrapolation of the results to the in vivo situation.
Besides development of this protocol, from the present study we can glean several new insights regarding cycle length impact on cardiac contractility. Using the randomized beatinterval protocol, we can assess the effect of cycle length on contractile force in a pseudo-steady-state system. We have shown in this study that 1) there exists a differential effect of previous cardiac cycle lengths on developed force of the myocardium; 2) the primary cycle length positively correlates with developed force, whereas the secondary and tertiary CL correlate negatively; and 3) a single cycle length exerts an inotropic effect for three consecutive beats.
Because of this random pacing protocol, twitch developed force widely varies between beats, but the average twitch force when assessed over a few seconds remains constant. Although we agree that the underlying processes, over large ranges, certainly are not linear, we observed that over the range of cycle lengths studied, the sum of the underlying properties behaves in a nearly pure linear fashion. The "loss of force" (long-long-short, for instance) of a potentiating combination is virtually equal to the gain with the "opposite" cycle length pattern (in this case, short-short-long). From this, we glean that the system within the range and conditions measured behaves functionally as a linear system. Second, posttranslational modifications that occur when cycle length is changed for a long time, such as in the steady-state FFR that can induce phosphorylation of myofilament proteins (31), either do not occur or occur to such a limited extent that they do not functionally impact on twitch force development. In addition, it has been shown that stretch-induced activation (2) or persistent diastolic pressure (8) can cause posttranslational modification of myofilaments after prolonged induction, but the average force data indicate that this does not occur when applied on a beat-to-beat basis where these stresses cycle around a mean. Moreover, despite cycle lengths as short as 250 ms, at no point was the (R  2 ) for all 7 experiments, displaying the tightest relationships between primary and secondary CL. Data are means Ϯ SE. E shows the average slopes of these linear fits to display the positive correlation of Fdev with primary CL and negative correlation for secondary and tertiary CL. All data in D and E are significantly different from zero. All effects of slope were significant (P Ͻ 0.05). muscle unable to fully relax. This implies the length of the muscle has returned to resting values between beats, and thus no elevated diastolic tension was observed further, indicating that posttranslational processes likely played no, or a nonsignificant, role in the outcome of the experiments.
We observed, in line with previous observations, that the main determinant of twitch force was the primary cycle length, i.e., the duration of rest before the beat. This observation is very similar to the so-called postrest potentiation; like a longer rest period, a longer cycle time results in greater force (15) . In most studies, postrest potentiation is observed when a muscle (or cardiac myocyte) is allowed to rest for several seconds after being stimulated at a constant frequency for some time. In the present study, we have shown that a similar relationship is observed within the physiological twitch interval. Postrest potentiation/decay has mainly been used to describe dynamics of the SR and is generally not discussed as a regulator of contractility in normal physiology because its study is typically performed with rest periods between 2 s and 2 min, periods of rest that the heart normally is not exposed to. The basis of this force-interval relationship lies in the fact that the SR has more time to load with calcium, producing a greater calcium transient on the next twitch (24) . The force-interval relationship has been shown to be species dependent (17) and has been used as an indicator for SR function in cardiomyopathy (12, 22) . In the present study, we have shown that the effect of the force-interval relationship can be seen in muscle twitching at physiological frequency, and not only at the widely known seconds scale but at a temporal scale of a fraction of the baseline heart rate. Even at shorter than normal intervals (analogous to extrasystolic beats), the relationship between interval and developed force was observed. This is in agreement with data by Schouten et al. (24, 25) , who examined the extrasystolic beat behavior in rat muscle at room temperature. Our data extend their conclusions, since they indicated that subsecond interpretation of their results could not be done. Thus, despite vastly different experimental settings, their data are in line with what we derived from the rabbit data under more physiological conditions and at physiological cycle length durations.
A positive force frequency is observed in myocardium of humans, dogs, and rabbits as well as in rats and mice, albeit to a lesser extent in the latter two species (10, 16, 26) . The vast majority of studies investigating the FFR focus on changes in force that have reached a steady state after a change in frequency. Since frequency can affect time-averaged calcium, specifically in larger mammals where a significant increase in diastolic calcium occurs at higher heart rates (29), it is likely that calcium-dependent signaling mechanisms play a role in modulating changes to twitch dynamics. Indeed, it can take up to 45 s after a change in frequency to observe a steady-state force (29) . Huke and Bers (9) likewise showed that in isolated myocytes, a very rapid change in contractility is observed and that posttranslational modification of proteins is too slow to account for these effects but may contribute to the level of the new steady state at the higher frequency after a prolonged time.
To isolate the effect of twitch cycle time per se from such slowly occurring changes, we used a pacing algorithm that allows for a constant average stimulation rate with variable changes in cycle length that occurred randomly. Analysis of the resulting force and cycle length fluctuations showed that shorter secondary and tertiary cycle lengths caused an increase in force. Thus the intrinsic mechanisms that respond to a change in cycle length can do so within a single cycle length. We also found that the secondary cycle length displayed a Fig. 7 . Average contribution each CL exerted on the Fdev of a twitch. The data were obtained by determining the percent difference in force between the 250-and 450-ms CL for each of the 4 previous CLs. The percent differences were added together, and a percent contribution was calculated for each CL as a fraction of the total percent difference. The effect of the quaternary cycle length was not significant (n ϭ 5 muscles). The top and bottom points represent the greatest Fdev (long primary, short secondary) and the lowest Fdev (long secondary, short primary). The long primary, long secondary point (left) produces greater contractility than the short primary, short secondary point (right), supporting the data in Fig. 4 that showed a greater percent contribution for the primary over the secondary CL. much larger effect on force than the tertiary. No evidence of impact on force or relaxation of quaternary beats was observed under the conditions used, which closely resembled the frequency range of the in vivo rabbit. Therefore, it can be concluded that cardiac muscle response to cycle length alone is both fast to develop and fast to decay.
We only observed changes in speed of relaxation with the primary cycle length, not with the secondary or tertiary. Under several conditions, force of contraction and speed of relaxation are correlated. Specifically, this holds true for steady-state conditions regarding changes in length; when a muscle has a higher preload, force of contraction increases, whereas the speed of relaxation decreases (11) . In other regulatory mechanisms, such as the FFR, the force of contraction increases, whereas speed of relaxation increases (10) . When we compare these regulatory mechanism, we conclude that force may often correlate with relaxation, but it is not necessarily actually coupled to relaxation (18) , as can be observed in our data, where we show that cycle length per se drastically affects force of contraction but not necessarily the kinetics of relaxation.
In pilot experiments in rat myocardium (28), we observed that with fluctuations in cycle length, the calcium transient amplitude likewise fluctuated and correlated with force development. The fluctuations in calcium transient amplitude were, however, of lesser magnitude than those observed in the force tracings in our studies. Although species differences are likely responsible to a certain degree, this is more likely explained by the fact that the force-calcium relationship in cardiac muscle is very steep, with a Hill coefficient of ϳ3-7 (6, 7). Thus, near the K d of this relationship (pCa50), a minor change in calcium can be responsible for a much larger change in force, implying that the small changes in calcium concentration could be sufficient to cause significant force fluctuations with cycle length changes. Diastolic calcium concentration can decline further with a longer cycle length, and the cycle length duration thus may impact the minimal diastolic cytosolic calcium concentration. To what quantitative extent the diastolic or systolic calcium concentrations contribute to the underlying mechanism was deemed beyond the scope of this initial methodology study, but unraveling this mechanism could in future help us understand impairment of frequency-dependent activation in hypertrophic or otherwise diseased myocardium (30) .
In conclusion, we observed that the history of the three previous cycle lengths exerts an inotropic "memory" of myocardial contraction under near-physiological conditions. The contributions of the last interval compared with the two beats preceding that last interval are opposite, and they contribute to contractile strength with decreasing importance as the cycle length is further removed from the current beat.
